Abstract: Life histories, including anatomy and behavior, are a critically understudied component of gastropod biology, especially for imperiled freshwater species of Pleuroceridae. This aspect of their biology provides important insights into understanding how evolution has shaped optimal reproductive success and is critical for informing management and conservation strategies. One particularly understudied facet is seasonal variation in reproductive form and function. For example, some have hypothesized that females store sperm over winter or longer, but no study has explored seasonal variation in accessory reproductive anatomy. We examined the gross anatomy and fine structure of female accessory reproductive structures (pallial oviduct, ovipositor) of four species in two genera (round rocksnail, Leptoxis ampla (Anthony, 1855); smooth hornsnail, Pleurocera prasinata (Conrad, 1834); skirted hornsnail, Pleurocera pyrenella (Conrad, 1834); silty hornsnail, Pleurocera canaliculata (Say, 1821)). Histological analyses show that despite lacking a seminal receptacle, females of these species are capable of storing orientated sperm in their spermatophore bursa. Additionally, we found that they undergo conspicuous seasonal atrophy of the pallial oviduct outside the reproductive season, and there is no evidence that they overwinter sperm. The reallocation of resources primarily to somatic functions outside of the egg-laying season is likely an adaptation that increases survival chances during winter months.
Introduction
How animals partition resources for reproduction and survival is integral to the evolution of different life-history strategies (Roff 2002; Futuyma 2005) . Gastropods, in particular, have evolved numerous life-history strategies (e.g., semelparity vs. iteroparity, oviparity vs. viviparity) that have contributed to their success and global diversification (Brusca and Brusca 2003) . In temperate zones, food abundance and quality fluctuate seasonally (Fretwell 1972) , resulting in variation in invertebrate biomass, reproductive output, and community composition (Anderson and Sedell 1979; Sweeney and Vannote 1986; Richardson 1991; Müller-Navarra and Lampert 1996) . As such, allocating resources towards seasonally important somatic functions (e.g., increasing body size for defense vs. sexual functions during periods of reproduction) can be advantageous (Shanley and Kirkwood 2000; Kirkwood and Shanley 2005) . Many marine and freshwater gastropods display a cyclical waxing and waning of gametogenesis that often corresponds to increases and decreases in volume of the gonad (e.g., Webber and Giese 1969; McShane and Naylor 1996) . This is known to occur not only in temperate species but in those that inhabit the tropics, where seasonal variation in temperature and food availability is much less pronounced, and it reflects synchrony in breeding times to maximize reproductive success. Much less is known about seasonal variation in the development of the accessory reproductive organs, such as the pallial gonoduct, although intuitively these could be expected to also express cyclical activity, as has been documented in some species (e.g., Berrie 1966; Martel et al. 1986; Vasconcelos et al. 2012) . A related issue is whether females store sperm during nonreproductive periods. It is known, for example, that females of some freshwater gastropod species are capable of storing sperm from several months to as long as 2 years (Ankel 1925; Trüb 1990; Albrecht et al. 1999; Oppliger et al. 2003; Dillon et al. 2005; Nakadera et al. 2014) , i.e., for at least for the duration of the reproductive season or for much longer.
Pleuroceridae is a valuable system for exploring gastropod lifehistory evolution because of their local abundance and availability and because of their diversity of behaviors. Depending on the species, pleurocerids may be either iteroparous or semelparous (Richardson et al. 1988; Miller-Way and Way 1989; Whelan et al. 2015) , and deposition of eggs can occur as single eggs or in a variety of different clutch morphologies and sizes (e.g., Jewell 1931; Winsor 1933; Rosewater 1960; Dazo 1965; Whelan et al. 2015) . Pleurocerids are primarily a temperate to subtropical freshwater family with approximately 165 species currently considered valid. The majority of species are distributed in North America east of the Rocky Mountains (Burch and Tottenham 1980; Johnson et al. 2013 ), but several species just extend into the tropics of northern Mexico (Thompson 2011) . They are important primary consumers and prey items (Harvey and Hill 1991; Hill 1992; Huryn et al. 1994) and consequently an important step in the food chain. Sexes are separate, but males are aphallate and transfer sperm via spermatophores (e.g., Dazo 1965; Glaubrecht and Strong 2004; Strong 2005) . Females possess a typical cerithioidean pallial oviduct with a sperm gutter and a sperm-storing pocket hypothesized to be homologous to the spermatophore bursa of other cerithioideans (Strong 2005; Strong et al. 2011) . A ciliated egg groove on the right side of the foot conveys eggs to the ovipositor (Houbrick 1988; Strong 2005) , which prepares the eggs before they are deposited on solid substrates by the foot. Oviposition occurs between January and July depending on the species (Woodard 1934; Dazo 1965; Whelan et al. 2015) . In pleurocerids, it is known from several case studies that gametogenic activity is reduced or ceases and the volume of the gonads shrinks during nonreproductive periods (Magruder 1935; Woodard 1935) . However, seasonal variation remains poorly documented in accessory reproductive structures, and only a handful of studies have explored the organization of the pallial gonoduct in detail.
One of the main anatomical characters distinguishing pleurocerids from their close relatives, Semisulcospiridae and Melanopsidae, is the absence of a seminal receptacle (Strong 2005; Strong and Frest 2007; Strong and Köhler 2009; Strong et al. 2011) . Generally, the seminal receptacle is the site of long-term storage of orientated sperm (i.e., the tip of the sperm heads are attached to the epithelial cells). These sperm remain in the seminal receptacle until fertilization (Giusti and Selmi 1985; Houbrick 1973 Houbrick , 1993 Ponder and Lindberg 1997; Hodgson 2010) . Females of all three families possess a spermatophore bursa, a large pocket in the outer, medial lamina of the pallial oviduct. After copulation, the bursa receives the spermatophore whereupon the hardened external casing of male prostatic secretions breaks down and is the site of short-term storage of unorientated sperm. From here, sperm travel along the sperm gutter to the seminal receptacle, if present. However, some gastropods are capable of co-opting different parts of the pallial oviduct for the storage of orientated sperm. For example, in some neogastropods, the copulatory bursa functions in the storage of both unorientated and orientated sperm, and orientated sperm may be found attached to the ciliated ventral channel of the capsule gland (Fretter 1941; Ponder 1972 Ponder , 1973 .
It has been suggested that female pleurocerids store sperm for at least the length of the reproductive season (Woodard 1934; Dazo 1965) or over winter (Dillon 2000: 104) despite not possessing a seminal receptacle, but these hypotheses have never been explicitly tested. Overwintering of sperm in pleurocerids would allow the deposition of fertile eggs as soon as temperatures reached suitable levels, without first requiring mating, although there is anecdotal evidence that mating precedes oviposition (Woodard 1935 ; N.V. Whelan, personal observation). More generally, however, storage of sperm allows the timing of the production of spawn to coincide with optimal conditions that maximize survival of offspring. Sperm storage from different partners may also be beneficial to the female by allowing multiple paternity and sperm selection (Baur 1998) . If pleurocerids do store sperm over winter, they must either be capable of long-term storage of unorientated sperm in the bursa or store orientated sperm somewhere in the oviduct. Neither of these functions has been documented previously in cerithioideans. To examine seasonal partitioning of reproductive resources and assess the potential for overwintering sperm, we examined the anatomy of female accessory reproductive structures of four species in two genera in the late spring, late summer, and fall.
Materials and methods
We collected females of round rocksnail (Leptoxis ampla (Anthony, 1855)) and smooth hornsnail (Pleurocera prasinata (Conrad, 1834)) during the egg-laying season (i.e., late winter to mid-summer) and in late August, outside of the egg-laying season (Table 1) . We also examined two additional Pleurocera species that were collected outside the egg-laying season to confirm seasonal morphological variation. All individuals were collected under appropriate state and federal permits (federal permit TE130300 for L. ampla), and animals were treated following the guidelines from the Canadian Council on Animal Care. All species examined are iteroparous (Whelan et al. 2015; N.V. Whelan, unpublished data) . The shells of the silty hornsnail (Pleurocera canaliculata (Say, 1821)) and the skirted hornsnail (Pleurocera pyrenella (Conrad, 1834)) were cracked to remove the body for morphological examination, but representative individuals from collection sites were photographed (Figs. 1A-1D ) and deposited at the National Museum of Natural History (USNM) in Washington, D.C. (Table 1) ; for L. ampla and P. prasinata, the shell of each individual Five individuals of L. ampla and P. prasinata from both spring and late summer were dissected using a Leica Microsystems MZ 12.5 stereomicroscope (Leica Microsystems GmbH, Buffalo Grove, Illinois, USA). Ovipositors were dissected, critical point dried, mounted on aluminum stubs with carbon adhesive tabs, coated with gold, and visualized with a Hitachi TM3000 scanning electron microscope (Hitachi, Ltd., Tokyo, Japan) at the USNM Imaging Laboratory. Pallial oviducts were dissected, stained with toluidine blue, and drawn with camera lucida following Strong (2005) . Drawings were rendered with Adobe Illustrator version CS5 (Adobe Systems Inc., San Jose, California, USA). For histological examination, oviducts of one individual collected in the spring and two individuals collected in late summer for both L. ampla and P. prasinata were embedded in paraplast, sectioned at 6 m, and stained with hematoxylin and eosin-phloxine (Strong 2003) . Two individuals of P. canaliculata and one of P. pyrenella collected in the fall also were prepared for histology. Histological sections were viewed and photographed under a Leica DM LS2 compound microscope with an attached Leica DFC320 digital camera. The contrast of microscopy photographs was modified in Adobe Photoshop version CS5 for ease of viewing.
Results
The size of females collected in the spring (L. ampla: mean shell height = 0.93 cm, SD = 0.2 cm, n = 20; P. prasinata: mean shell height = 4.0 cm, SD = 0.4 cm, n = 19) and of those collected in the fall (L. ampla: mean shell height = 1.1 cm, SD = 0.2 cm, n = 20; P. prasinata: mean shell height = 4.1 cm, SD = 0.4 cm, n = 20) were either not significantly different or fall-collected individuals were significantly larger (L. ampla: Student's t test, t [38] = 2.258, p = 0.030; P. prasinata: Student's t test, t [37] = −1.055, p = 0.298) . Given this and known growth rates of pleurocerids (Huryn et al. 1994) , animals collected in the fall must have been sexually mature (i.e., they laid eggs the previous season).
All females sampled during the egg-laying season (i.e., spring to mid-summer) had fully developed ovipositors and pallial oviducts. Ovipositors were enlarged and glandular with a deep egg groove (Figs. 2A, 2C ). Albumen and capsule glands were opaque, inflated, and heavily glandular (Figs. 3A, 3B) . The sperm gutter opened at the far anterior end of the medial lamina and deepened posteriorly, leading to a short, inflated, and blind spermatophore bursa (Figs. 3A, 3B ). The internal epithelium of the bursa was deeply folded and contained large quantities of orientated sperm attached to epithelial cells (Fig. 4A) ; large quantities of unorientated sperm were found in the center of the lumen (Fig. 4A) .
In contrast to females collected in the spring, those collected in the fall revealed highly atrophied accessory reproductive structures. The ovipositor was reduced in size and the egg groove was shallow (Figs. 2B, 2D ). The pallial oviduct was conspicuously thin and the glandular development of the albumen and capsule glands was dramatically diminished (Figs. 3C, 3D ). At this stage, it was impossible to distinguish macroscopically between the albumen and the capsule glands. The sperm gutter was thin and shallow and the spermatophore bursa was flattened with a simple, unfolded epithelium (Figs. 4B-4D) . Only rare, scattered degenerating heads of sperm lacking tails were present; orientated sperm was lacking (Figs. 4B-4D ).
Discussion
Seasonal variation and cyclical reproductive activity is a common phenomenon in invertebrates (Berrie 1966; Webber and Giese 1969; Fankboner and Cameron 1985; Martel et al. 1986; McShane and Naylor 1996) , and our data demonstrate pleurocerids undergo a seasonal atrophy of accessory sexual organs. Atrophy of the pallial oviduct and ovipositor occurs in late summer, which likely allows resources to be allocated to somatic functions for surviving colder winter temperatures. However, as rivers begin to warm in the late winter and spring, resources are redirected to replenish the accessory reproductive structures; this surely comes at a cost, but it is also a time of abundant food availability and rapid growth in pleurocerids (Huryn et al. 1994) . Experimental studies that manipulate food quantity and quality in the context of other variables such as growth, fecundity, and survivorship are needed to elucidate the precise selective advantages of seasonal reproductive atrophy.
Previous misunderstandings of pleurocerid reproductive anatomy that have been elucidated by this study are best understood in a historical context. Woodard (1934 Woodard ( , 1935 Woodard ( , 1940 provided a detailed description of the pallial oviduct of panel elimia (Elimia laqueata (Say, 1829)) as comprising two laminae that represent a continuation of the (renal) oviduct and that communicate freely with the mantle cavity. He described a posterior folded region of both laminae to which sperm were observed to attach and he referred to this region as the seminal receptacle. Although Woodard (1934) initially believed the ovipositor pore to function as a spermatophore bursa, he later (Woodard 1940 ) rejected this hypothesis upon the discovery of spermatophores as reportedly from between the laminae. Jones and Branson (1964) and Dazo (1965) perpetuated the notion that the so-called seminal receptacle is formed by a folded posterior region of the gonoduct laminae and did not clarify the earlier confusion that Woodard's description created about the disposition of sperm storage. Strong's (2005) anatomical study clarified the configuration of the pallial oviduct and established the presence of a sperm gutter and sperm-storing pouch in the outer, medial lamina. Owing to the presence of unorientated sperm and the similarity in position and structure, Strong (2005) concluded the structure to be homologous to the spermatophore bursa of other cerithioideans. Given that the oviductal groove has been found to contain orientated sperm in other gastropods (e.g., Fretter 1941), the report of the presence of orientated sperm by Woodard (1934 Woodard ( , 1935 Woodard ( , 1940 was dismissed owing to its apparent presence within the gonoductal goove and the propensity in some of the historical literature to use the terms "bursa" and "receptaculum" interchangeably or indiscriminately. It is now clear, however, that the pocket in the medial lamina of pleurocerids is structurally homologous to the spermatophore bursa of other cerithioideans, but functionally fulfills the role of both a bursa and a seminal receptacle. Although it is not common for cerithioideans to lack seminal receptacle(s), all that do so (e.g., species of the genus Tiphobia Smith, 1880 (Paludomidae), some Pachychilidae, many Thiaridae) are currently understood to store only unorientated sperm (Starmühlner 1976; Glaubrecht 2001, 2007; Strong and Glaubrecht 2006; Gomez et al. 2011 ). However, not all studies of cerithioidean reproductive anatomy are explicit as to the nature of sperm storage or it was not examined histologically; occasionally, the sperm pockets are depleted and do not allow an assessment of their contents. Certainly, given the present result, this bears closer scrutiny.
It is not clear what may have been the selective advantage of using the spermatophore bursa for the storage of orientated sperm versus retention of the seminal receptacle for this function. Furthermore, it is impossible to say if the seminal receptacle was lost first, followed by acquisition of the ability to store orientated sperm in the spermatophore bursa, or alternatively, if the facultative storage of orientated sperm in the bursa arose before the loss of the seminal receptacle. The bursa of semisulcospirids apparently functions only in receiving the spermatophore and in storing unorientated sperm (e.g., Nakano and Nishiwaki 1989; Rasshepkina 2000 Rasshepkina , 2009 Rasshepkina 2005, 2006) , so is not informative in inferring how this transformation may have occurred. Rarely, small amounts of orientated sperm have been reported in the bursa of some other cerithioidean species Marcus 1963, 1964; Houbrick 1993; Ponder 1993) . At least in some cases, these seem to be localized patches in the bursa canal (the closed distal portion of the sperm gutter) and regions of the bursa adjacent to the entry of the sperm gutter (Marcus and Marcus 1964; Houbrick 1993; E.E. Strong, unpublished data) . The relative scarcity of such observations suggests that this may be a transient occurrence that happens a short time after the breakdown of the spermatophore as a consequence of the "clumping" behavior observed by Woodard (1940) . On the other hand, this also suggests that it is not unusual for the bursa to contain small quantities of orientated sperm, and thus, that the transition to utilizing the bursa for orientated sperm storage may not be difficult to achieve.
The hypothesis that pleurocerids store sperm from one reproductive season to the next (Dillon 2000; Hodgson 2010 ) is rejected by our data. Although relatively few species were investigated, there is no reason to suspect that this pattern is not broadly applicable to other temperate and subtropical species, but it should be explored further in tropical species. Sperm transfer from males to females has not been observed in pleurocerids, but Jones and Branson (1964) observed close female and male contact in the pyramid elimia (Elimia potosiensis (Lea, 1841)) that they hypothesized to be the mating process, shortly before females deposited eggs. This behavior has also been observed in captive populations of other species in the spring only weeks before egg-laying commenced (P.D. Johnson, personal communication, 2014) . Given these observations and the evidence presented here that show motile, functional sperm appear to be absent from pleurocerid oviducts by early September and at least through November (Figs. 4B-4D) , it is clear that females must obtain sperm from males each year. Our findings reveal important aspects of reproduction in a critically imperiled group of freshwater gastropods and future descriptive or comparative work on pleurocerids will Note that the albumen and capsule glands were not externally differentiable in individuals collected in late August. ag, albumen gland; cg, capsule gland; ovi, oviduct; spb, spermatophore bursa; broken line, sperm gutter. Scale bars = 1 mm. be best done during the reproductive season to capture the full elaboration of pleurocerid reproductive anatomy.
